Genomes are extensively transcribed to generate diverse coding and regulatory RNAs whose structure and function remain to be characterized 1 . Despite being composed of only four chemically similar nucleotides, RNA can base pair with itself and interact with other molecules to form complex secondary and tertiary structures. Predicting how RNAs fold and their corresponding functions are formidable challenges. Recently, in vitro RNA structure-probing experiments have improved the accuracy of secondary structure models 2 , adding to our knowledge of RNA structural motifs; however, RNA structure in vivo is probably more complex and, in some cases, fundamentally different than what is observed in vitro 3 . RNA structure in cells is influenced by the rate of transcription, local solution conditions, binding of small molecules and interactions with numerous RNA-binding proteins. These observations hint that the physical state of RNA within the cell is crucial for its function, but current knowledge of RNA structures in cells is limited.
Several reagents have been developed to obtain structural maps of RNAs. RNases that are specific for single-or double-stranded RNA can provide low-resolution measurements of RNA secondary structure 4, 5 . Chemical mapping by direct RNA base methylation by dimethylsulfate (DMS) and cleavage of solvent-exposed residues by hydroxyl radical or metal catalysis are currently the most rigorous methods for determining RNA secondary and tertiary structure [5] [6] [7] . However, reagents such as DMS and kethoxal do not react with all four bases in RNA, and lead (II) cleavage has strong biases near sites of metal coordination that may confound the interpretation of secondary structure measurements 8, 9 . Such biases have limited the ability to obtain structural information for every nucleotide. Although DMS has been used for RNA structure probing in vivo 10 , other reagents cannot be used in intact mammalian cells. These observations point to the need for a generalizable reagent that can be used in a wide range of organisms to accurately measure RNA structure inside living cells.
The 2′-hydroxyl group is a universal chemical feature of RNA. A general method to measure the dynamics and solvent exposure of local RNA structure is to probe the 2′-hydroxyl groups. Singlestranded or flexible RNA regions have high 2′-hydroxyl reactivity, whereas RNA nucleotides engaged in base pairing or other interactions have lower reactivity. SHAPE has become the gold standard for monitoring the secondary structures of complex RNAs [11] [12] [13] . SHAPE was recently used to interrogate the structural landscape of genomic RNA extracted from viral particles and inside intact virions 14, 15 . However, long incubation times (~50 min) and the comparably simple viral environment suggested to us that current SHAPE electrophiles may not be amenable to in vivo experiments in more complex cells. Despite numerous efforts, we detected little or no modification of 5S ribosomal RNA (rRNA) in cells. We surmised that this limited reactivity might be because of the high reactivity of N-methylisatoic anhydride (NMIA, 1)-leading to a very short effective half-life (t 1/2 ) in water-its high degree of crossreactivity with other nucleophiles in the cell and its limited solubility in aqueous solutions.
We sought to develop new acylation electrophiles that are selectively reactive toward hydroxyl groups, soluble at high concentrations and amenable to RNA modification inside living cells within a reasonable time frame. We screened several electrophiles (Supplementary Results, Supplementary Fig. 1 ), but none of them was able to fit all the desired parameters. We designed and tested electrophiles with different predicted solubilities and leaving groups and devised simple synthetic strategies that proceed in high yield (Supplementary Fig. 2 ), ultimately choosing 2-methyl-3-furoic acid imidazolide (FAI, 2) and 2-methylnicotinic acid imidazolide (NAI, 3) (Fig. 1a) . These compounds are conveniently produced as 1:1 mixtures with imidazole in DMSO stock solutions by reaction of the carboxylic acids with carbonyldiimidazole. The heteroatoms were included in the aromatic rings to increase solubility, and adjacent methyl groups tune reactivity by causing a twist to the carbonyl groups. The low-toxicity imidazole leaving groups were designed to modulate reactivity while retaining solubility. Both NAI and FAI were selectively reactive with the cis-diol functional group on ATP, and their modification was heavily dependent on nearby hydroxyl groups, as has been shown previously for other nucleotide acylation reagents ( Supplementary  Fig. 3 ) 11 . Data showed that NAI is considerably more reactive than FAI, probably because of the electron-deficient character of the pyridine ring, which increases the electrophilicity of the carbonyl group. In addition, both NAI and FAI retain reactivity with ATP at 120 min in aqueous buffer, whereas NMIA is mostly quenched after 30 min 11 . The hydrolysis rates of NAI (t 1/2 hydrolysis, 33 min) and FAI (t 1/2 hydrolysis, 73 min) are considerably greater than that of NMIA (t 1/2 hydrolysis, 8 min) 11 . These results suggest that the imidazole leaving groups of NAI and FAI increase the stability of our labeling reagents relative to the leaving groups in other SHAPE reagents. Because of the extended reactivity of our electrophiles, we also devised a quench step, as is used for other RNA modification procedures 16 . Addition of β-mercaptoethanol was shown to successfully halt the acylation ( Supplementary Fig. 4 ) in vitro and in vivo; this step allows the experimenter to terminate the reaction at will and perform precise dosing control of electrophiles during experiments. Encouraged by these results, we evaluated the use of these reagents to modify structured RNA.
We first used both of these electrophiles to probe the secondary structure of mouse embryonic stem cell (mESC) 5S rRNA in vitro. We chose 5S rRNA because of its abundant nature, highly characterized structure and ability to fold into a stable structure without the need for protein cofactors 17 . We observed very similar quantitative patterns of 2′-hydroxyl acylation with NAI or FAI compared to NMIA (R 2 = 0.93). We then mapped the reactivities to the predicted secondary structure of mouse 5S rRNA. Modifications by NMIA, FAI and NAI all map to residues that are predicted to be accessible, flexible or both (Supplementary Fig. 5 ). These data suggest that both NAI and FAI are suitable electrophiles for 2′-hydroxyl acylation on structured RNA molecules, yielding accurate structural information comparable to that obtained with existing probes.
Treatment of cells with NAI or FAI at concentrations above 20 mM caused blocks in subsequent reverse transcription, which was suggestive of modification, whereas treatment with NMIA did not ( Supplementary Fig. 6 ). NAI showed a greater extent of modification than FAI, consistent with its higher reactivity toward ATP in vitro. We therefore focused on NAI for further structural probing because of its higher reactivity. Application of 100 mM NAI to mESCs resulted in 5S rRNA modification in as little as 1 min, with a suitable signal-to-noise ratio at flexible regions (Fig. 1b) . This signal began to plateau by 15 min (Fig. 1b) , indicating a reasonable timescale to study biological phenomena. Even after 30 min of NAI treatment, mESCs remained attached to the tissue culture vessel and were morphologically normal and unstained by trypan blue (Supplementary Fig. 7 ). Overlaying our SHAPE data to a crystal structure of the 80S ribosome from yeast, which includes the 5S rRNA 18 , showed that practically all residues in flexible regions or not in canonical Watson-Crick base pairs are modified, including single-stranded loops, unstable noncanonical base pairs and a single base flipped out of the helical duplex (Fig. 1b,c) . We found that NAI modified several nuclear RNAs, which suggests that our reagent is able to enter the nucleus and react with RNAs of lower abundance to give structural information (Supplementary Fig. 8 ). NAI S.C.G1148 Fig. 9 ), suggesting that it is a general cell-permeable probe of RNA structure. These results indicate that NAI can probe RNA structure in vivo with high accuracy and single-nucleotide resolution.
Comparison of the SHAPE profiles of 5S rRNA in vivo and in vitro revealed RNA-RNA and RNA-protein interactions that dock the 5S rRNA into the ribosome. Overall, the profiles were similar, but a few key differences suggest differential interactions in the living system (Fig. 2a,b and Supplementary Fig. 10) . Hereafter, bases in 5S are numbered per the mouse gene (Mus musculus); bases in other ribosomal subunits are numbered as in the yeast crystal structure (Saccharomyces cerevisiae). Within the context of the crystal structure, we noticed that the analogous bases S. cerevisiae U50, which sits near the nexus of loop B and helix III, is kinked to allow the docking of loop C into the 28S rRNA (S. cerevisiae bases C2684 and U2683). This conformation permits the S. cerevisiae bases Arg218, Leu222, Glu221 and Lys224 of ribosomal protein L5 to be stacked against bases A51 and U50 (Fig. 2b) . As a result, U50 seems to be pushed out of the helix, thus increasing its dynamic nature and exposing the 2′-hydroxide for reactivity. Prior saturation mutagenesis studies showed that S. cerevisiae A51 and U50 make contact with the ribosomal proteins L11 and L5 to form a crucial structural link between the large and small ribosomal subunits and are essential for proper ribosome function and viability 19, 20 . Thus, NAI can read out alterations in the RNA tertiary structure as a result of sampling crucial mature ribosome conformations.
The M. musculus bases U84 and A83, which are in loop D, were more reactive to NAI in vitro. Within the context of the 80S ribosome, these bases are engaged in extensive hydrogen bond contacts with bases G1148 and G1171 of S. cerevisiae 28S rRNA. S. cerevisiae U86 is stacked on A1197 and is in hydrogen bonding contact with cobalt hexamine (Supplementary Fig. 10) . Notably, mutations of these 5S bases in yeast result in gross defects in translational accuracy 19 . These findings suggest comparison of in vivo and in vitro SHAPE as a powerful unbiased strategy to pinpoint key bases in noncoding RNA-protein interaction and function.
Loop E of 5S rRNA provided a prime example of the power of in vivo SHAPE analysis. In the yeast ribosome, loop E adopts a unique bulge structure 21, 22 , with C72 and C73 pushed out. These bases also have the highest B factor, suggesting they are highly dynamic, which we confirmed in vivo ( Fig. 2c and Supplementary  Fig. 11 ). Comparison of in vitro-with in vivo-modified yeast 5S rRNA revealed that bases with lower B factors in the crystal structure were less reactive in vivo. Bases C72 and C73 had the largest differences in the cell, with a marked increase in reactivity (Fig. 2c,d) . Notably, bases with an altered modification pattern in vivo are nearly always required for 5S function in vivo when mutated (Fig. 2d) . Overall, our experiments establish that our acylation reagents are capable of modifying RNA in vivo and can sensitively read characteristics of RNA structure that are the result of unique conformations that RNA adopts in the cell because of either changes in base-pairing characteristics or protein-RNA interactions.
In conclusion, we present the design, synthesis and application of two new RNA structure probes that enable the experimenter to obtain quick snapshots of RNA structure in cells. Notably, we demonstrate the utility of our chemical probe to read out specific and sensitive structural differences in RNA as a function of its tertiary structure and RNA-protein interactions. Currently, obtaining physiologically relevant RNA structural information requires much effort to reconstitute ribonucleoprotein complexes in vitro.
Our results suggest an approach to directly probe RNA structure in living cells and assess dynamic changes in RNA structure in different cell states or cells knocked out for any gene. We expect that such experimental interrogations will become more important as the catalog of noncoding RNA molecules [23] [24] [25] and functional motifs in coding transcripts continues to expand and the need to probe their structure in the cell becomes increasingly important. 
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Synthesis of NAI and FAI. Materials. NMIA, 2-methylnicotinic acid, 2-methyl-3-furoic acid and 1,1′-carbonyldiimidazole were purchased from Sigma-Aldrich and used as received. Anhydrous DMSO was purchased from Acros Organics and used as received. NMR was performed on a Varian 500 MHz instrument, and all spectra were referenced to the residual solvent peak.
FAI (2) .First, 126 mg (1 mmol) 2-methy-3-furoic acid was dissolved in 0.5 mL anhydrous DMSO. A solution of 162 mg (1 mmol) 1,1′-carbonyldiimidazole in 0.5 mL anhydrous DMSO was added dropwise over 5 min. The resulting solution was stirred at room temperature until gas evolution was complete and then further stirred at room temperature for 1 h. The resulting solution was used as a 1.0 M stock solution (assuming complete conversion) containing a 1:1 mixture of the desired compound and imidazole. The solution was frozen at −80 °C when not in use. The reagent is stable for several months if stored in anhydrous DMSO at −80 °C. The stock solution should be warmed to room temperature before opening.
An analytical sample was prepared by use of dichloromethane as solvent instead of DMSO. The crude reaction was purified by flash silica column chromatography, eluting with 1:1 hexanes and ethyl acetate. NMR indicated the presence of some hydrolyzed material (identical to the furoic acid starting material). 1 NAI (3) . First, 137 mg (1 mmol) 2-methylnicotinic acid was dissolved in 0.5 mL anhydrous DMSO. A solution of 162 mg (1 mmol) 1,1′-carbonyldiimidazole in 0.5 mL anhydrous DMSO was added dropwise over 5 min. The resulting solution was stirred at room temperature until gas evolution was complete and then stirred at room temperature for 1 h. The resulting solution was used as a 1.0 M stock solution (assuming complete conversion) containing a 1:1 mixture of the desired compound and imidazole. The solution was frozen at −80 °C when not in use. The reagent is stable for several months if stored in anhydrous DMSO at −80 °C. The stock solution should be warmed to room temperature before opening.
An analytical sample was prepared by use of dichloromethane as solvent instead of DMSO. The crude reaction was purified by flash silica column chromatography, eluting with ethyl acetate. 1 Characterization of NAI and FAI reactivity with ATP. ATP gel shift. ATP gel shift reactions were carried out as described previously 1 . Briefly, 10,000 counts per minute (cpm)/μL of radiolabeled ATP was incubated with increasing amounts of NAI or FAI (10% final volume) in 100 mM HEPES buffer, pH 8.0, containing 6 mM MgCl 2 and 100 mM NaCl. Reactions were stopped by addition of an equal volume of Gel Loading Buffer II (Ambion, Inc.) and placed on ice. Reactions were loaded onto 30% native polyacrylamide gels (29:1 acrylamide and bisacrylamide and 1% Tris-borate-EDTA (TBE)) and visualized by phosphorimaging (STORM, Molecular Dynamics). Single adduct reaction rates and percentages were calculated by integrating bands (Image Quant, IM Support) and fit to a single exponential, as described 26 . Quenching ATP reaction with β-mercaptoethanol (BME). First, 10,000 cpm/μL of radiolabeled ATP was either preincubated (+) or not (−) with BME at a final concentration 700 mM in 100 mM HEPES buffer, pH 7.5, containing 6 mM MgCl 2 and 100 mM NaCl. Immediately after the addition of BME, NAI or FAI (10% final volume) was added, and the solution was incubated for 5 min at room temperature. Reactions were stopped by addition of an equal volume of Gel Loading Buffer II (Ambion, Inc.) and placed on ice. Gel images were integrated as described above.
For RNA structure probing, cells or RNA were incubated for the indicated times, and then NAI was added for 15 min. Reactions were then spun down and decanted. To the pelleted cells, 1 mL of TRIzol LS (Ambion, Inc.) and then 200 μL of chloroform was added. RNA was precipitated following the TRIzol LS manufacturer's instructions. Pellets were washed twice with 70% ethanol and resuspended in 10 μL RNase-free water. As a note, we have tried both quenching and extraction. Both methods give a very similar result. We suggest extraction because the electrophile will move to the organic phase (chloroform), and it is one less step for experimental purposes. For cell experiments, the addition of phenol or TRIzol also removes the electrophile.
Hydrolysis of NAI and FAI.
We measured the rate of hydrolysis and found that NAI (t 1/2 hydrolysis, 33 min) and FAI (t 1/2 hydrolysis, 73 min) are considerably more stable in aqueous solution in comparison to NMIA (t 1/2 hydrolysis, 4 min) 11 . Hydrolysis of NAI and FAI was monitored by adding 1.5 μL of a 100 mM solution of either NAI or FAI in spectroscopic grade dimethylformamide to 598.5 μL of buffer (100 mM HEPES, 100 mM NaCl and 10 mM MgSO 4 , pH 8.0) and monitoring the decrease in absorbance at 265 nm (NAI) or 275 nm (FAI). Three-parameter pseudo-first order exponential decay kinetics were fit using OriginPro 8.0 software and the equation below, where y 0 is the offset, a is the amplitude, and b is the decay constant: Acylation of RNA in mESC. We evaluated the ability of NAI and FAI to monitor RNA structure in live cells. Cultured mESCs were reacted with 13 mM NAI or FAI (the maximum solubility of NMIA) in aqueous buffer, but no 5S rRNA modification could be detected after 1 h with the probes at this concentration. However, when the concentration of the probes was increased to above 20 mM, we observed positive signals for modification.
V6.5 mESCs were grown under feeder-free conditions as previously described 2, 3 . Cells were washed three times with PBS and then scraped and spun down at 700 r.p.m. for 5 min. Cells (~3-6 × 10 7 ) were resuspended in PBS, and DMSO (−), 10% final concentration, or electrophile in DMSO (+) was added to the desired final concentration. Cells suspensions were placed at 37 °C and reacted for the desired time. Reactions were spun down and decanted. To the pelleted cells, 1 mL of TRIzol LS (Ambion, Inc.) and then 200 μL of chloroform were added. RNA was precipitated following the TRIzol LS manufacturer's instructions. RNA was resuspended to a concentration of 3 μg/10 μL.
NAI is expected to acylate many cellular RNAs and other molecules; thus cytotoxicity after longer-term treatment needs to be evaluated with care. To test the ability of our reagent to modify lower-abundance RNAs, we also determined the SHAPE pattern for two nuclear localized RNAs. This signal began to plateau by 15 min (Fig. 1b) , indicating a reasonable timescale to study biological phenomena. Even after 30 min of NAI treatment, mESCs remained attached to the tissue culture vessel and were morphologically normal and unstained by trypan blue (Supplementary Fig. 7) .
Reverse transcription primer used for mouse 5S rRNA: 5′-AAAGCCTACAGCACCCGGTAT-3′ Acylation of RNA in human MDA-MB-231 cells. MDA-MB-231 cells were grown in DMEM (high glucose) culture medium supplemented with 10% FBS, 0.1 mM MEM non-essential amino acids (NEAA), 2 mM L-glutamine and 1% penicillin-streptomycin. Cells were washed three times with PBS and then scraped and spun down at 700 r.p.m. for 5 min. Cells (~3-6 × 10 7 ) were resuspended in PBS, and DMSO (−), 10% final concentration, or electrophile in DMSO (+) was added to the desired final concentration. Cell suspensions npg were placed at 37 °C and reacted for the desired time. Reactions were then spun down and decanted. To the pelleted cells, 1 mL of TRIzol LS (Ambion, Inc.) and then 200 μL of chloroform was added. RNA was precipitated following the TRIzol LS manufacturer's instructions. Pellets were washed twice with 70% ethanol and resuspended in 10 μL RNase-free water.
Reverse transcription primer used for human 5S rRNA: 5′-AAAGCCTACAGCACCCGGTAT-3′ Acylation of RNA in yeast cells. Yeast cells were grown to an optical density at 600 nm (OD 600 ) of 1.0 at 30 °C in yeast extract peptone dextrose medium. Cells were spun down at 4,000g and decanted. Cells were resuspended in PBS, and DMSO (−), 10% final concentration, or electrophile in DMSO (+) was added to the desired final concentration. Cell suspensions were placed at 37 °C and reacted for the desired time. Reactions were then spun down, decanted and flash frozen in liquid nitrogen. Frozen pellets were resuspended in 500 μL of 50 mM sodium acetate, pH 5.0, 10 mM EDTA, pH 8.0, and 100 μL of 10% SDS. To the mixture, 700 μL of saturated phenol was added. Cells were incubated at 65 °C for 1 min. The freeze-thaw cycle was repeated three times. The aqueous phase was separated with PCI (phenol, chloroform and isoamyl alcohol at 50:48:2). The aqueous phase was extracted twice with chloroform and added to three volumes of ethanol and one-tenth volume of 3 M sodium acetate, pH 5.0. Pellets were washed twice with 70% ethanol and resuspended in 10 μL RNase-free water. Note: the same results have been observed if yeast are grown at 30 °C.
Reverse transcription primer used for yeast 5S rRNA: 5′-AGATTGCAGCACCTGAGTTT-3′ Acylation of RNA in E. coli cells. E. coli cells were grown to an OD 600 of 0.25 at 37 °C in LB medium. Cells were spun down at 4,000g and decanted. Cells were resuspended in PBS, and DMSO (−), 10% final concentration, or electrophile in DMSO (+) was added to the desired final concentration. Cell suspensions were spun down, decanted and flash frozen in liquid nitrogen. Cells were resuspended in a final volume of a fresh solution of 800 μl 0.5 mg/ml lysozyme and Tris-EDTA, pH 8.0. Eighty microliters of 10% SDS was added to the mixture, and the slurry was placed at 64 °C for 1-2 min. After incubation, 88 μl 1 M sodium acetate, pH 5.2, was added. The samples were added to an equal volume (1 ml) of water-saturated phenol (pH < 7.0) and incubated at 64 °C for 6 min. The resultant slurry was spun at max speed (14,000 r.p.m.) for 10 min at 4 °C. The aqueous phase was extracted twice with chloroform and added to three volumes of ethanol and one-tenth volume of 3 M sodium acetate, pH 5.0. Pellets were washed twice with 70% ethanol and resuspended in 10 μL RNase-free water.
Reverse transcription primer used for E. coli 5S rRNA: 5′-TGCCTGGCAGTTCCCTACTC-3′ Acylation of RNA in D. melanogaster S2 cells. D. melanogaster S2 cells were and were grown at 25 °C in Schneider's Drosophila Medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS (SAFC Biosciences, Lenexa, KS) and penicillin-streptomycin (Invitrogen, Carlsbad, CA). Cells were washed three times with PBS and then scraped and spun down at 700 r.p.m. for 5 min. Cells (~3-6 × 10 7 ) were resuspended in PBS, and DMSO (−), 10% final concentration, or electrophile in DMSO (+) was added to the desired final concentration. Cell suspensions were placed at 37 °C and reacted for the desired time. Reactions were spun down and decanted. To the pelleted cells, 1 mL of TRIzol LS (Ambion, Inc.) and then 200 μL of chloroform was added. RNA was precipitated following the TRIzol LS manufacturer's instructions. Pellets were washed twice with 70% ethanol and resuspended in 10 μL RNase-free water.
